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(57) Abstract: A programmable 
interconnect structure and method 
of operating the same provides 
a programmable interconnection 
between electrical contacts. The 
interconnect includes material 
that has reversibly programmable 
resistance. The material includes 
a molecular matrix with ionic 
complexes distributed through the 
molecular matrix. Application of 
an electrical field or electric current 
causes the molecular composite 
material to assume a desire resistivity 
(or conductivity) state. This state is 
retained by the molecular composite 
material to thus form a conductive 
or a non-conductive path between the 
electrical contacts. 
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REVERSIBLE FIELD-PROGRAMMABLE 
ELECTRIC INTERCONNECTS 

RELATED APPLICATIONS 

[01] U.S. Provisional Patent Application Serial No. 60/289,061, filed on May 7, 2001, 
entitled "Reversibly Field-Programmable Electric Interconnects". 

FIELD OF THE INVENTION 

[02] The present invention relates to programmable integrated circuit structures, and more 
particularly, to routing structures incorporating composite materials having an electrically 
programmable resistivity. 

BACKGROUND OF THE INVENTION 

[03] Programmable semiconductor devices include programmable read only memories 
("PROMs"), programmable logic devices ("PLDs"), and programmable gate arrays. 
Programmable elements suitable for one or more of these device types include so-called 
"fuses" and "antifuses" 

[04] A "fuse" is a structure which electrically couples a first terminal to a second terminal, 
but which, when programmed by passage of sufficient current between its terminals, 
electrically decouples the first terminal from the second terminal. A fuse typically consists of 
a conductive material which has a geometry that causes portions of the conductive fuse 
material to physically separate from each other to produce an open circuit when the fuse is 
heated to a given extent. 

[05] An "antifuse" is a structure, which when un-programmed, does not electrically couple 
its first and second terminals, but which, when programmed by applying sufficient voltage 
between the first and second terminals, permanently electrically connects the first and second 
terminals. One type of antifuse includes a highly resistive material between two terminals of 
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conductive material, which when heated by an electric current, heats the materials and causes 
portions of the conductive material to extend into the resistive material and form a permanent 
conductive path. Another type of antifuse can be made of amorphous silicon which forms 
conductive polysilicon when heated. Fuses and antifuses have in common that their 
respective conductive state, once changed, cannot be reversed to again assume the initial 
state. 

[06] It would therefore be desirable to provide a connection between terminals, for 
example, of an integrated circuit, that can be programmed to switch between different 
conductive states in a reversible maimer, i.e., that can operate reversibly both as fuses and as 
antifuses. 

SUMMARY OF THE INVENTION 

[07] These and other needs are met by embodiments of the present invention which 
provide a semiconductor device comprising a first electrical contact, a second electrical 
contact, and an interconnect between the first and second electrical contacts. The 
interconnect has a reversibly programmable resistance. In certain embodiments of the 
invention, the interconnect consists of a molecular matrix, and in further embodiments, ionic 
complexes are distributed through the molecular matrix. These ionic complexes are 
dissociable in the molecular matrix under the influence of an applied electrical field. 
[08] The use of an interconnect with a reversibly programmable resistance allows an 
integrated circuit to be programmed in a fully reversible manner. Thus, fuses and anti-fuses 
can be replaced by the reversible interconnect of the present invention within integrated 
circuits. 

[09] In other aspects of the invention, the earlier stated needs are also met by providing a 
programmable interconnect structure comprising first and second electrical contacts, and an 
interconnect between the first and second electrical contacts. The interconnect comprises a 
material that has reversibly programmable resistivity, the material comprising molecular 
matrix, and in certain embodiments, ionic complexes are distributed through the molecular 
matrix. 
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[10] The earlier stated needs are also met by a method of electrically connecting and 
disconnecting electrical contacts in a circuit by programming of an electrical interconnect 
between electrical contacts, in accordance with the embodiments of the present invention. 
The steps include selectively applying a first electrical field or a first current to the electrical 
interconnect to program the electrical interconnect to assume a first state of conductivity to 
electrically connect the electrical contacts through the electrical interconnect. The steps also 
include selectively applying a second electrical field or second current to the electrical 
interconnect to program the electrical interconnect to assume a second state of conductivity 
to electrically isolate the electrical contacts through the electrical interconnect. The electrical 
interconnect comprises a material that has a reversibly programmable conductivity. The 
material comprises a molecular matrix. In certain embodiments, ionic complexes are 
distributed through the molecular matrix. 

[11] The foregoing and other features, aspects and advantages of the present invention will 
become more apparent from the following detailed description of the present invention when 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

[12] Figure 1 is a cross-sectional view of a programmable interconnect structure in 
accordance with an embodiment of the present invention. 

[13] Figure 2 is a cross-sectional view of a programmable interconnect structure in 
accordance with another embodiment of the present invention. 

[14] Figures 3a-3d provide a schematic depiction of a molecular composite interconnect 
structure in various operational states, in accordance with embodiments of the present 
invention . 

[ 1 5] Figure 4 shows a voltage-current characteristic for write and erase operation. 

[16] Figure 5 shows a dependence of writing pulse critical amplitude on writing pulse 

time. 
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DETAILED DESCRIPTION OF THE INVENTION 

[17] The present invention addresses and solves problems related to the programming of 
integrated circuit structures, which have in the past been limited to fuses and anti-fuses that 
may be programmed only in a single direction. The present invention overcomes these 
problems in part, by the provision of an electrical interconnect between electrical contacts, 
with the interconnect having a reversibly programmable resistance. By programming the 
resistance, an electrical connection may be made between the electrical contacts, or the 
contacts may be electrically isolated from each other. The programmable resistance is 
provided by the interconnect which is made of a molecular matrix with ionic complexes 
distributed through the molecular matrix. These ionic complexes are dissociable in the 
molecular matrix under the influence of an applied electrical field. 

[18] Referring now to Fig. 1, a circuit 10 with a programmable interconnect structure, 
shown here in cross-section, includes a substrate (not shown), a dielectric layer 12, a first 
conductive layer 13, a second conductive layer 16, a dielectric layer 14 with a via hole, and 
an interconnect layer 15 having a reversibly programmable resistance and extending into the 
via hole, contacting both the first conductive layer 13 and the second conductive layer 16. 
The first dielectric layer 12 can be patterned to expose the substrate (not shown) or device 
features of devices fabricated on the substrate. Programmable interconnects may be formed 
in certain ones of the via holes of the integrated circuit and not in other via holes. 
[19] Referring now to Fig. 2, an exemplary FET device structure 20 with optional 
connections of a drain 26 to two different remote devices (not shown) is formed on a 
substrate 22, such as a semiconducting or p-type Si, using standard Si processing. 
Conventional metallization 25, 27, 29 is provided to form contacts to the circuitry. The 
metallization 25, 27, 29 extends through dielectric insulating layers 31, 33 comprising Si02 
or Si3N 4 , for example. Copper, aluminum or other suitable materials may be employed for 
the metallization. 

[20] The FET 20 has source and drain regions 24, 26 and a gate 28 insulated by a gate 
oxide 31. The conductive channel of the FET 20 is indicated by the reference numeral 21. As 
seen from Fig. 2, electrical contact to one terminal 26 of the exemplary FET 20 is provided 
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from the top surface by way of two conductive plugs 27a, 27b extending through via holes 
provided in the top insulating layer 33, e.g., a field oxide. The via holes filled with the 
conductive plugs 27a, 27b are terminated with respective contact pads 30a, 30b, which can 
be recessed with respect to the top surface of insulating layer 33, as also shown in Fig. 2. As 
will be recognized by those skilled in the art, the FET source 24 and gate 28 can be 
connected in a similar manner. 

[21] A molecular composite material having a programmable electrical resistance is 
applied to the top surface of insulating layer 33 by conventional deposition techniques, such 
as spin coating, or evaporation, for example. The molecular composite material has the 
property of preferably adhering to the exposed conductive metal pads 30a, 30b, but not to the 
surface of the insulating SiC>2 or Si 3 N 4 layer 33. The molecular composite material hence can 
form respective two-terminal resistance elements 35a, 35b whose linear dimensions are 
defined by the size of the conductive pads 30a, 30b, with the thickness of the two-terminal 
elements 35a, 35b being controlled by the deposition condition (e.g., the spinning speed or 
evaporation rate) of the molecular composite material. 

[22] An exemplary suitable molecular composite material will be described below. The 
molecular composite material can be deposited at a low temperature which can be 
considerably lower than temperatures employed in traditional Si processing. Metal or 
semiconductor layers 38a, 38b (e.g., Al or poly-Si) can then be selectively applied to the top 
surface of the two-terminal elements 35a, 35b to provide an electrical connection to another 
component or device of the device structure 20. 

[23] The reversibly programmable two-terminal elements 35a, 35b have the advantage 
over conventional fuses and antifuses in that their resistance can be reversibly changed back 
and forth between a high-resistance state ("off*) and a low-resistance state ("on"). 
[24] An exemplary molecular composite material that can be used for fabricating the two- 
terminal elements 35a, 35b is shown in Figs. 3a-d. A number of different materials may be 
used as the molecular composite material. Exemplary materials are described below, but are 
also discussed in an article by Yu H. Krieger, entitled, "Structural Instability of One- 
Dimensional Systems As A Physical Principle Underlying The Functioning of Molecular 
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Electronic Devices", Journal of Structural Chemistry, Vol. 40, No. 4, 1999 (Yu H. Krieger), 
expressly incorporated by reference herein. 

[25] There are two predominant types of structural organization of such systems. First, 
there are strands of linear conjugated polymers, which are weakly bonded to each other and 
whose mutual arrangement is generally poorly organized. Second, there are crystal structures, 
where the individual molecules form one-dimensional columns and interact with each other 
much more actively than molecules from different columns do. 

[26] Polyconjugated systems primarily involve polyvinylenes, i.e., polymers with an 
acyclic conjugation system, in which the one-dimensional character of structure is dictated 
by the mechanism of conjugation in linear macromolecules. Polyacetylene is a classical 
representative of this class of polymers. Its electronic structure is a prototype for many other 
conjugated polymers. 

[27] Another wide class of . molecular compounds are formed from aromatic and 
heterocyclic molecules which possess high electric conductivity due to 7c-bonds between 
molecules. Such molecular systems are called rc-complexes or charge transfer complexes, 
with those systems whose structure involves isolated one-dimensional columns or strands 
possessing pronounced electro-physical properties of interest for switching and memory 
applications. Molecular charge transfer complexes are donor-acceptor systems formed from 
two molecules: one possessing donor and another acceptor properties. Among the well- 
defined complexes with a one-dimensional structure, tetra-cyano-quino-dimethane (TCNQ) 
are planar molecules with unsaturated bonds, arranged in a crystal as parallel stacks forming 
a quasi-one-dimensional system. 

[28] In another class of one-dimensional systems, the cations are dynamically disordered. 
It involves molecular compounds having the general formula (TMTSF) 2 X. Transition metal 
salts of K 2 Pt(CN)4 Bro.3 x 3H 2 0 (KCP) type are also the typical representatives of mixed- 
valence quasi-one-dimensional complexes, as are phthalocyanines and porphyrins. Moreover, 
pure inorganic compounds, such as NbSea, are also interesting examples of compounds with 
quasi-one-dimensional structure. 
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[29] The molecular composite includes a quasi-one-dimensional - or at least structurally 
and electrically anisotropic - molecular matrix, wherein ionic complexes are distributed in 
the matrix. Poly conjugated compounds, such as the exemplary quasi-one-dimensional 
systems described above, for example, polyphenylacetylene, can be used as the anisotropic 
molecular matrix. The ionic complex can be a salt, such as sodium chloride (NaCl), or any 
other material that can dissociate in an applied electric field. The exemplary anisotropic 
molecular matrix is depicted in Figs. 3 a-d as consisting of an assembly of chain-like 
molecules oriented perpendicular to the electrode surfaces. However, other orientations of 
those molecules or of anisotropic "channels" are possible as long as a charge separation of 
the type depicted in Figs. 3 a-d is enabled. 

[30] While not being bound by theory, the following is currently believed by the inventors 
to describe the mechanism for the conductivity change of the molecular composite material. 
Electric switching in the molecular thin films depicted in Figs. 3 a-d is characterized by the 
existence of two stable states, a high impedance state ("off state) and a low impedance state 
("on" state). The impedance of this "off* state is usually more than -10 MQ. Switching from 
the "off* state to the "on" state occurs when an applied electric field exceeds a threshold 
value. The impedance of this "on" state is less than -100 Q. A transition from "on" state 
back to the "off* state takes place when the polarity of the electric field is reversed. 
[31] Two modes of the two-terminal device operation can be identified: a metastable mode 
(Fig.3b) and a stable mode (FigJc). The stable mode of the two-terminal device operation 
shows the high P w and P E r value (3-10V), low impedance of the "ON" state (less than 100 
Q), long switching time (1 ms and more) and long storage time (more than two month). 
Conversely, the metastable mode of the two-terminal device is characterized by the low P w 
and Per value (0.1-0.5V), high impedance of the "ON" state (wide region, about lkft - 
lMfi), short switching time (less than lfis a, and short storage time (between about 10 s or 
several hours. Some memory cells exhibit substantially unchanged electrical properties after 
storage for six years. 

[32] Fig. 3a illustrates the "off" state, where the electrical conductivity is essentially zero, 
assuming that the anisotropic molecular matrix itself is a good electrical insulator. When an 
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external electric field E is applied, as indicated in Fig. 3b, the sodium salt dissociates into 
sodium and chlorine ions, and the ions are displaced from their original position in the 
anisotropic molecular matrix, resulting in an increase in the electrical conductivity of the 
two-terminal device ("on" state) to the metastable state. Upon further increase of the electric 
field, the ions become more strongly separated (Fig. 3c), accompanied by a still further 
increase in the conductivity of the two-terminal device, which attains the above-described 
stable state. When a very large field is applied over a long time, the anions and cations 
accumulate at the electrodes (Fig. 3d), resulting in a sharp decrease in the electrical 
conductivity of the two-terminal device due to the absence of mobile charges ("off* state). 
[33] Fig. 4 shows a typical I-V curve for write (positive applied voltage) and erase 
operation (negative applied voltage), with the voltage applied, for example, between the 
layers 13 and 16 of Fig. 1. The memory cell is in the "off state, until the applied voltage, in 
the described example, reaches a critical value of approximately 0.3 V. The write voltage 
depends on the parameters used during the write process, as described further below. In the 
"off state, the electric current through the memory cell is essentially zero. When the applied 
voltage exceeds the critical voltage, the resistance of the approaches zero memory cell, with 
the voltage across the cell dropping and the current increasing to more than 120 nA, 
indicating a switch of the device to a low-resistance state. The cell is then in the "on" state 
where it remains until a negative (reverse) voltage is applied, which in the present example is 
approximately -I V. This represents the erase cycle. After the erase cycle is completed, the 
cell is again in the "off state. 

[34] Referring now to Fig. 5, the pulse duration of a write pulse required to write 
information in the two-terminal element is related to the amplitude of the write pulse. For 
example, the element may be switched from the "off* state to the "on" state by applying a 
pulse of 4 V over a period of 10 us, or by applying a pulse of approximately 1 V over a 
period in excess of 1 ms. Accordingly, the write voltage and write speed of the element can 
be adapted to specific applications. 

[35] The present invention thus provides interconnect structure and integrated circuit 
devices that employ a molecular composite material that has a reversibly programmable 
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resistance. This creates interconnects that can be programmed and re-programmed between 
conductive and non-conductive, overcoming limitations of fuses and anti-fuses and 
increasing flexibility for circuit designers. 

[36] Although the present invention has been described and illustrated in detail, it is to be 
clearly understood that the same is by way of illustration and example only and is not to be 
taken by way of limitation, the scope of the present invention being limited only by the terms 
of the appended claims. 
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WHAT IS CLAIMED IS: 

1 . A semiconductor device comprising: 
a first electrical contact; 

a second electrical contact; and 

an interconnect between the first and second electrical contacts, the 
interconnect having a reversibly programmable resistance. 

2. The device of claim 1, wherein the interconnect comprises a molecular matrix. 

3. The device of claim 2, further comprising ionic complexes distributed through 
the molecular matrix. 

4. The device of claim 3, wherein the ionic complexes are dissociable in the 
molecular matrix under the influence of an applied electric field. 

5. The device of claim 4, wherein the molecular matrix comprises a 
polyconjugated compound. 

6. The device of claim 5, wherein the polyconjugated compound is one of: 
polyparaphenylene; polylphenylvenyene; polyaniline; polythiophene; or polypyrrole. 

7. The device of claim 4, wherein the molecular matrix comprises aromatic and 
heterocyclic molecules. 

8. The device of claim 4, wherein the molecular matrix comprises a quasi-one- 
dimensional complex. 

9. The device of claim 8, wherein the quasi-one-dimensional complex is a 
polymeric phtalocyanine. 

10. The device of claim 8, wherein the quasi-one-dimensional complex is a 
polymeric porphyrin. 
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11. The device of claim 4, wherein the molecular matrix is an anisotropic 
inorganic material. 

12. The device of claim 11, wherein the anisotropic inorganic material is NBSe3. 

13. The device of claim 4, wherein the molecular matrix is a molecular compound 
of(TMTSF) 2 X. 

14. The device of claim 4, wherein the molecular matrix is a transition metal salt 
of K 2 Pt(CN)4Bro. 3 x 3H 2 0 (KCP) type. 

15. A programmable interconnect structure, comprising: 
first and second electrical contacts; and 

an interconnect between the first and second electrical contacts and 
comprising a material that has a reversibly programmable resistivity, the material comprising 
a molecular matrix. 

16. The structure of claim 15, further comprising ionic complexes distributed 
through the molecular matrix. 

17. The structure of claim 16, wherein the ionic complexes are dissociable in the 
molecular matrix under the influence of an applied electric field. 

18. The structure of claim 17, wherein the molecular matrix comprises a 
polyconjugated compound. 

19. The structure of claim 18, wherein the polyconjugated compound is one of: 
polyparaphenylene; polylphenylvenyene; polyaniline; polythiophene; or polypyrrole. 

20. The structure of claim 17, wherein the molecular matrix comprises aromatic 
and heterocyclic molecules. 
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21. The structure of claim 17, wherein the molecular matrix comprises a quasi- 
one-dimensional complex. 

22. The structure of claim 21, wherein the quasi-one-dimensional complex is a 
polymeric phtalocyanine. 

23. The structure of claim 21, wherein the quasi-one-dimensional complex is a 
polymeric porphyrin. 

24. The structure of claim 17, wherein the molecular matrix is an anisotropic 
inorganic material. 

25. The structure of claim 24, wherein the anisotropic inorganic material is 

NBSe 3 . 

26. The structure of claim 17, wherein the molecular matrix is a molecular 
compound of (TMTSF) 2 X. 

27. The structure of claim 17, wherein the molecular matrix is a transition metal 
salt of K 2 Pt(CN)4Br 0 .3 x 3H 2 0 (KCP) type. 

28. A method of electrically connecting and disconnecting electrical contacts in a 
circuit by programming of an electrical interconnect between the electrical contacts, 
comprising the steps of: 

selectively applying a first electrical field or first current to the electrical 
interconnect to program the electrical interconnect to assume a first state of conductivity to 
electrically connect the electrical contacts through the electrical interconnect; and 

selectively applying a second electrical field or second current to the electrical 
interconnect to program the electrical interconnect to assume a second state of conductivity 
to electrically isolate the electrical contacts through the electrical interconnect; 

wherein the electrical interconnect comprises a material that has a reversibly 
programmable conductivity, the material comprising a molecular matrix. 
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29. The method of claim 28, wherein ionic complexes are distributed through the 
molecular matrix. 

30. The method of claim 29, wherein the impedance of the electrical interconnect 
in the first state of conductivity is less than approximately 100 ohms. 

31. The method of claim 30, wherein the impedance of the electrical interconnect 
in the second state of conductivity is greater than approximately 10 megaohms. 

32. The method of claim 29, wherein the selective application of the first and 
second electrical fields or first and second currents control dissociation of the ionic 
complexes in the molecular matrix. 

33. The method of claim 32, wherein the molecular matrix comprises a 
polyconjugated compound. 

34. The method of claim 33, wherein the polyconjugated compound is one of: 
polyparaphenylene; polylphenylvenyene; polyaniline; polythiophene; or polypyrrole. 

35. The method of claim 32, wherein the molecular matrix comprises aromatic 
and heterocyclic molecules. 

36. The method of claim 32, wherein the molecular matrix comprises a quasi-one- 
dimensional complex. 

37. The method of claim 36, wherein the quasi-one-dimensional complex is a 
polymeric phtalocyanine. 

38. The method of claim 36, wherein the quasi-one-dimensional complex is a 
polymeric porphyrin. 
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39. The method of claim 32, wherein the molecular matrix is an anisotropic 
inorganic material. 

40. The method of claim 39, wherein the anisotropic inorganic material is NBSes. 

41. The method of claim 32, wherein the molecular matrix is a molecular 
compound of (TMTSF) 2 X. 

42. The method of claim 32, wherein the molecular matrix is a transition metal 
salt of K 2 Pt(CN) 4 Bro.3 x 3H 2 0 (KCP) type. 
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